We report the generation of mice with an intact and functional copy of the 2.3-megabase human dystrophin gene (hDMD), the largest functional stretch of human DNA thus far integrated into a mouse chromosome. Yeast spheroplasts containing an artificial chromosome with the full-length hDMD gene were fused with mouse embryonic stem cells and were subsequently injected into mouse blastocysts to produce transgenic hDMD mice. Human-specific PCR, Southern blotting, and fluorescent in situ hybridization techniques demonstrated the intactness and stable chromosomal integration of the hDMD gene on mouse chromosome 5. Expression of the transgene was confirmed by RT-PCR and Western blotting. The tissue-specific expression pattern of the different DMD transcripts was maintained. However, the human Dp427p and Dp427m transcripts were expressed at 2-fold higher levels and human Dp427c and Dp260 transcripts were expressed at 2-and 4-fold lower levels than their endogenous counterparts. Ultimate functional proof of the hDMD transgene was obtained by crossing of hDMD mice with dystrophin-deficient mdx mice and dystrophin and utrophin-deficient mdx ؋ Utrn ؊/؊ mice. The hDMD transgene rescued the lethal dystrophic phenotype of the mdx ؋ Utrn ؊/؊ mice. All signs of muscular dystrophy disappeared in the rescued mice, as demonstrated by histological staining of muscle sections and gene expression profiling experiments. Currently, hDMD mice are extensively used for preclinical testing of sequence-specific therapeutics for the treatment of Duchenne muscular dystrophy. In addition, the hDMD mouse can be used to study the influence of the genomic context on deletion and recombination frequencies, genome stability, and gene expression regulation.
The dystrophin gene (DMD) is the largest gene identified in the human genome. It is located on the X chromosome (band Xp21.2), spans 2.3 Mb, 2 and contains 79 exons (1) (2) (3) . Transcripts originating from seven different promoters throughout the gene have been described, whereas, in addition, extensive differential splicing of these transcripts has been acknowledged (details can be found on the Leiden Muscular Dystrophy Web pages). The Dp427m transcript is most prominent in skeletal and cardiac muscle. This transcript gives rise to the production of the 427-kDa muscle isoform of the dystrophin protein (4) . In muscle, dystrophin is localized on the cytoplasmic side of the sarcolemma (5) . Together with the dystroglycan transmembrane protein complex, it forms the dystrophin-glycoprotein complex, which links the cytoskeletal actin filaments and the extracellular matrix and is essential for the force transduction in the muscle fiber (6) . The dystrophin protein consists of an N-terminal domain that interacts with actin, a central rod and cysteine-rich domain, and a C-terminal domain that binds to ␤-dystroglycan. More recently, dystrophin has been implicated in signal transduction, probably via interactions with syntrophin, calmodulin, and nitric-oxide synthase (7) . The dystrophin protein is highly conserved in vertebrates. Mouse dystrophin has 91% amino acid identity with its human counterpart. Utrophin is a homologue of dystrophin that is mainly functional at the neuromuscular junction (8) . It can substitute for dystrophin in the dystrophin-glycoprotein complex (9, 10) .
Mutations in the dystrophin gene are responsible for Duchenne/Becker Muscular Dystrophy and X-linked dilated cardiomyopathy (11) . Mutations that disrupt the reading frame of the DMD transcript cause Duchenne muscular dystrophy (DMD), a severe form of muscular dystrophy with an incidence of 1 in 3,500. It is characterized by progressive muscle weakness and premature death from cardiac or respiratory failure. Inframe deletions are responsible for the milder Becker muscular dystrophy. The mdx mouse is a genetically homologous mouse model for DMD with a mutation in exon 23 of the Dmd gene. Although genotypically similar, major phenotypic differences exist between the mdx mouse model and human DMD patients. Mdx mice show very effective muscle regeneration, leading to an almost complete recovery from the muscle wasting in early life (12, 13) . Crossing of mdx mice with utrophin-deficient mice gives a much more severe phenotype, which is more similar to DMD (14, 15) . These mdx ϫ Utrn Ϫ/Ϫ mice suffer from extreme muscle weakness and die within 20 weeks.
A therapy for DMD is currently not available. Among the most prominent therapeutic approaches that are tested in preclinical and clinical studies is reading frame correction by antisense oligonucleotide (AON)-induced modulation of splicing (16 -23) . Since AONs are sequence-specific, human-specific AONs cannot be readily tested in animal models. This was one of our rationales behind the generation of the hDMD mouse. Indeed, we demonstrated in an earlier report the use of hDMD transgenic mice for evaluation of the effectiveness of exon-skipping antisense oligonucleotides (24) . Here we report the characterization of the hDMD transgenic mice and demonstrate the full functionality of the hDMD transgene. Apart from its usefulness in the preclinical evaluation of sequence-specific therapeutics, we discuss important future applications of this mouse model in more basic genetic studies.
EXPERIMENTAL PROCEDURES
Generation of hDMD Transgenic Mice-Generation of a yeast artificial chromosome (YAC) with the full-length human DMD gene and fusions of murine embryonic stem (ES) cells, isolated from F1 mice from a DBA2 ϫ 129OLA cross, with yeast spheroplasts containing the DMD-YAC have been described elsewhere (25, 26) . Following expansion, clones were validated by Southern blot, PCR, fluorescence in situ hybridization (FISH), and RT-PCR and Western blot analysis, using humanspecific DMD probes, primers, and antibodies. Clones showing intactness, stable genomic integration, and expression of the hDMD gene were injected into C57BL/6J blastocysts that were subsequently implanted in pseudopregnant recipients. From the resulting chimeric offspring, mice with highest levels of ES cell contribution were selected and crossed to C57BL/6J females. Germ line transmission of the hDMD allele was determined by DNA genotyping following PCR using human-specific DMD primers. Through further breeding, hemizygous and homozygous transgenic hDMD mice were obtained that were analyzed for proper expression of the human dystrophin gene. The construction of these mice was authorized by the Dutch Ministry of Agriculture and described in Project VVA/ BD01.284 (E21).
Mice-hDMD mice that were back-crossed with C57Bl/6J (Charles River Laboratories (Maastricht, The Netherlands)) for three generations were used for all experiments except for the gene expression profiling, where hDMD mice from earlier crossings with a more heterogeneous C57BL/6 ϫ DBA2 ϫ 129OLA background were used. C57BL/10ScSn-DMD mdx/J mdx mice were obtained from Jackson Laboratories (Bar Harbor, ME). Utrn Ϫ/Ϫ and Utrn Ϫ/Ϫ ϫ mdx mice were described earlier (14) . In gene expression profiling experiments, male mice with a mixed C57BL/10 ϫ DBA2 ϫ 129OLA background, aged 7 weeks, were used as wild-type controls to match the genetic background of the mdx and hDMD mice as closely as possible. Mice were housed under standard conditions and were fed regular chow.
Combined Binary Ratio (COBRA) Analysis-COBRA-FISH analysis was performed on metaphase chromosomes of tail skin fibroblasts from hDMD Tg/Tg mice. The detailed protocol is described in Ref. 27 . Briefly, probe sets were prepared by labeling of degenerate oligonucleotide-primed PCR-amplified individual chromosomes, isolated by flow sorting, with a specific combination of 1-4 fluorescent dyes (diethyl aminomethyl coumarin, Cy3, Cy5, and rhodamine green) (27) . The color combinations enable unequivocal identification of the chromosome identity. Probes used for detection of the hDMD gene were derived from cosmids MA2B4 (L. Blonden) and RP5-1174H9 (Sanger) encompassing exons 3-7 and exons 65-72, respectively. MA2B4 was labeled with biotin, which was detected by incubation with streptavidin LaserPro IR 790 (1:200; Molecular Probes, Inc.), followed by biotin-labeled goat anti-streptavidin (1:500; Vector Laboratories), followed by streptavidin LaserPro IR 790 (1:500; Molecular Probes). RP5-1174H9 was labeled with digitonin, which was detected by incubation with mouse anti-digitonin (1:500; Sigma), followed by rabbit anti-mouse (1:100; Sigma) and goat anti-rabbit Alexa430 (1:500; Molecular Probes).
Pyrosequencing-DNA was isolated from mouse tail segments by overnight incubation at 55°C with 245 l of lysis solution (50 mM Tris⅐HCl, pH 8.9, including 0.45% IGEPAL and 100 g of proteinase K). After proteinase K inactivation for 10 min at 95°C, 1 l of the solution was used for PCR amplification (32 cycles of 30 s of 94°C denaturation, 30 s of 54°C annealing, and 1 min of 72°C extension) with unmodified exon 75 forward primer (GAATCTGCAAGCAGAATATG) and 5Ј-biotinylated exon 75 reverse primer (GACTCCAGCTGTTTATTGTG). The biotinylated PCR product (2.5-5 pmol) was incubated with 10 l of streptavidin-coated Dynabeads (10 mg/ml; Dynal, Oslo, Norway) in BW buffer (5 mM Tris⅐HCl, pH 7.6, 1 M NaCl, 0.5 mM EDTA, 0.05% Tween 20) for 15 min at 65°C. The immobilized PCR product was further processed with the SNP reagent kit (Pyrosequencing, Uppsala, Sweden). In brief, the beads were transferred to a Luc96 plate containing 50 l of 0.5 M NaOH per well and agitated for 1 min to allow for strand separation. Then the beads were transferred to a plate containing 100 l of annealing buffer (20 mM Tris acetate, pH 7.6, 5 mM magnesium acetate) per well and washed for 1 min by releasing and capturing the beads. Subsequently, the beads were transferred to a plate containing 40 l of annealing buffer and 20 pmol of sequencing primer (TGCTGAGCTCATTGCTG) per well. Samples were denatured for 1 min at 95°C, cooled to room temperature, and put into the holder of the apparatus. The reagent cassette was filled, and the sequencing reactions were performed according to the manufacturer's protocol.
RNA Isolation and RT-PCR Analysis-RNA isolations and RT-PCRs were performed as described earlier (24, 28) . Quantitative PCR assays were run on the Lightcycler480 using SYBRgreen as the detection method. To determine PCR efficiencies, a calibration curve was constructed by serial dilution of a cDNA pool from all of the samples. Glyceraldehyde-3-phosphate dehydrogenase and ␤-actin were used as housekeeping genes. For quantification of the different dystrophin transcripts, human-and mouse-specific primers were designed in homologous regions, where the forward primer was chosen in the promoter specific for the studied transcript and the reverse primer in a downstream exon. Primer sequences are given in the supplemental materials. To correct for differences in input between hDMD and wild-type samples, Ct values were corrected per tissue for the differences in housekeeping gene expression. Then the abundance was calculated relative to the expression of the murine transcript in a reference tissue (see the legend to Fig. 4 ) in the wild-type mice, using the formula, E ϭ (1 ϩ efficiency)
Ct Ϫ Ct,ref . Western Blotting-Western blotting on muscular protein extracts was done as described previously (17) . The MANDYS106 and NCL-DYS2 antibodies were obtained from Dr. G. Morris (North East Wales Institute) and Novacastra Laboratories (Newcastle Upon Tyne, United Kingdom), respectively.
Hematoxilin-eosin Staining and ImmunohistochemistrySerial transverse sections (10 m) from frozen gastrocnemius muscle were made with a cryotome (Thermo Shandon). Hematoxilin-eosin and antibody stainings of these sections were performed as described earlier (24) . To demonstrate restoration of the dystrophin-glycoprotein complex, we incubated with mouse anti-␣-sarcoglycan and anti-␤-dystroglycan antibodies (both from Novocastra, Newcastle upon Tyne, United Kingdom). For detection, a horseradish peroxidase-conjugated rabbit anti-mouse antibody (DAKO, Carpinteria, CA) and the 3Ј-diaminobenzidine tetrahydrochloride (DAB, Amresco, Solon, OH) chromogenic substrate were used. To monitor fibrosis, the sections were sequentially stained with the LF67 anti-collagen type I (Col1A1) primary antibody (diluted 1:500) (29), detected with an Alexa594 goat anti-rabbit secondary antibody (Molecular Probes).
Fiber Typing-Fiber typing was done by actomyosin ATPase staining of 10-m transverse cryosections of the complete lower hind limb, with acid preincubation, according to previously published protocols (30) . In this staining, type I fibers stain dark, whereas type II fibers remain light.
Analysis of Creatine Kinase (CK) Levels-Blood, drawn from the tail vein from 21-day-old mice, was collected in Mini Collect tubes coated with lithium heparin (Greiner Bio-One). Plasma was isolated by spinning for 4 min at full speed in an Eppendorf centrifuge. CK activity was measured by application of 30 l of plasma on a Reflotron CK strip and detection in the Reflotron instrument (Roche Applied Science).
Gene Expression Profiling-For expression profiling, 15-20 g of total RNA (integrity checked with the Agilent Lab-on-aChip total RNA nanobiosizing assay) was used to generate a biotinylated cRNA target. 15 g of cRNA was hybridized on Affymetrix U74v2 gene chips, as described previously (28) . Resulting CEL files were loaded into Rosetta Resolver version 4.0 (Rosetta Biosoftware, Seattle, WA) and processed with the standard error model for Affymetrix U74 chips. An errorweighted one-way analysis of variance (cut-off, p Ͻ 1 ϫ 10
Ϫ4
) was used to find differentially expressed genes between male dystrophic (mdx and Utrn Ϫ/Ϫ ϫ mdx) and nondystrophic mice (wild type, hDMD, hDMD ϫ mdx, hDMD ϫ Utrn Ϫ/Ϫ ϫ mdx). Similarity searches in gene expression patterns were facilitated by the Trend match tool. Pearson correlation was used as a similarity measure. Microarray data were submitted to the Gene Expression Omnibus (NCBI) and have accession number GSE6790. In this paper, only samples GSM156809 -GSM156816 were used in the analysis.
RESULTS
Genetic Engineering of Transgenic hDMD Mice-After spheroplast fusion of yeast cells carrying a YAC of 2.7 Mb that contains the full-length 2.3-Mb human dystrophin gene (25) with murine ES cells and confirmation of stable single copy integration, the ES cells were injected into blastocysts. These were subsequently implanted in pseudopregnant females. From the resulting chimeric offspring, mice with the highest levels of ES cell contribution were selected, tested for germ line transmission, and back-crossed with C57BL/6J mice to obtain hemiand homozygous hDMD Tg/0 and hDMD Tg/Tg mice.
Assessment of Chromosomal Integration Site and Copy
Number-COBRA-FISH analysis on metaphase chromosomes from cultured skin fibroblasts with two different cosmid probes encompassing exons 3-7 and 65-72 of the hDMD gene demonstrated single copy integration of the hDMD gene into mouse chromosome 5 (Fig. 1) .
Due to the presence of the highly homologous murine DMD gene, genotyping of the hDMD mice was complicated. A quantitative pyrosequencing-based methodology was developed to discriminate between hDMD 0/0 , hDMD Tg/0 , and hDMD Tg/Tg mice. In this assay, the signal is derived from the degree of extension of a sequence primer, adding one nucleotide at a time. A CC/CT dinucleotide variation between the mouse and human isoform in a conserved region in exon 75 of the dystrophin gene results in incorporation of two C nucleotides in case of a human allele and one C and one T in case of a mouse allele (Fig. 2a) . The mice can then be genotyped based on the C/T ratios (Fig. 2b) . The observed C/T ratios were always slightly higher than expected (Fig. 2c) . This is probably attributable to the higher incorporation efficiency of cytosine over thymidine nucleotides. However, the difference between the observed and expected C/T ratios was highly consistent, as demonstrated by low S.D. values and female hDMD Tg/Tg (expected ratio 6:2) and male hDMD Tg/0 mice (expected ratio 3:1) having nearly identical C/T ratios. The quantitative pyrosequencing assay produced more robust results than a concurrently developed species-specific quantitative PCR assay (data not shown).
Phenotyping and Evaluation of Full-length mRNA and Protein Expression-Transgenic hDMD mice are born at the expected Mendelian frequencies. They have no obvious functional deficits and have a normal fertility and life span. RT-PCR analysis with human-specific primers, chosen in various regions of the mRNA, ranging from the 5Ј to the 3Ј part, revealed the expression of full-length human dystrophin mRNA in the muscle of hDMD mice. An example of such an RT-PCR assay, demonstrating the simultaneous presence of human and mouse dystrophin mRNAs, is given in Fig. 3a . Analysis of protein extracts and sections from the muscle of hDMD mice by Western blotting and staining with the human-specific MANDYS106 antibody demonstrated the presence of a fulllength 427-kDa human dystrophin protein at the sarcolemma (Fig. 3, b and c) . The added levels of human and mouse dystrophin protein (assessed by staining with the cross-reactive Dys2 antibody) (Fig. 3b) were similar to the levels of the murine protein in wild-type mice.
We investigated whether the tissue-specific expression patterns of other transcripts originating from the DMD gene were maintained in mice. Results of the quantitative RT-PCR analysis of the murine and human Dp427p, Dp427c, Dp427m, Dp260, and Dp71 transcripts in the different tissues of hDMD and wildtype mice are displayed in Fig. 4 . Our sets of PCR primers appeared to be entirely species-specific. All hDMD gene-derived transcripts were expressed in the same tissues as their endogenous counterparts, the Dp427-Purkinje and Dp260 isoforms being most prominent in the eye, the Dp427-cortical in the brain, and the Dp427-muscle in the muscle and heart. By designing primers in homologous regions and carefully controlling PCR efficiencies, we made a quantitative comparison of the expression of the human and mouse transcripts in hDMD Tg/Tg and wild-type mice. Although qualitatively similar, we observed considerable quantitative differences in expression. In hDMD Tg/Tg mice, we observed 2-fold higher expression of the human Dp427p and Dp427m transcripts, but lower expression of the human Dp427c and Dp260 transcripts (2-and 4-fold, respectively), when compared with their murine counterparts (Figs. 4 and 5) . In general, the expression level of the endogenous mouse transcript is lower in the hDMD Tg/Tg than in the wild-type mice (Fig. 4) , indicative of a negative feedback of the human protein on the transcription of the murine gene.
Restoration of Dystrophic Phenotype by hDMD Expression-To demonstrate the functionality of the hDMD transgene, we crossed the hDMD mice with dystrophin-deficient mdx mice. hDMD Tg/0 ϫ mdx mice do not show any signs of muscular dystrophy or ongoing regenerative processes (Fig. 6) . Together with the dystrophin protein, the dystrophin-glycoprotein complex was restored at the sarcolemmal membrane, as shown by staining for ␣-sarcoglycan and ␤-dystroglycan (Supplemental Fig. 2) . In contrast, 8-week-old mdx mice display high numbers of centrally nucleated fibers in hematoxilin-eosin-stained sections and substantial fibrosis, as monitored by immunohistochemical staining with an antibody against collagen type I (29) (Fig. 6) . We have not observed significant differences in fiber type composition between rescued and wild-type mice. Representative stainings are shown in supplemental Fig. 1 . In both strains, the gastrocnemius muscle contained nearly 100% type II fast fibers. The soleus muscle of wild-type mice consisted of 23 Ϯ 17% (n ϭ 4 mice) type I slow fibers, whereas 37 Ϯ 15% type I fibers were found in the soleus muscle of hDMD Tg/0 ϫ mdx mice (n ϭ 6; difference not significant with a p value of 0.4). The CK levels, which are elevated in dystrophic mice due to loss of sarcolemmal integrity, were normal in hDMD Tg/0 ϫ mdx mice (239 Ϯ 129 units/liter). The combined observations indicate that a single copy of the hDMD gene completely rescues the mdx phenotype.
A more dramatic rescue is seen in utrophin/dystrophin double mutant (Utrn Ϫ/Ϫ ϫ mdx) mice, which are extremely weak and die between 8 and 20 weeks after birth. In contrast, the incidence of premature death observed in the hDMD Tg/0 ϫ Utrn Ϫ/Ϫ ϫ mdx mice was not different from that in wild-type mice, and the oldest rescued mouse in our data base lived without health problems up to the age of 16 months, after which it was euthanized. The mice have normal muscle strength and do not shows signs of scoliosis. Furthermore, histological examination of muscles of these mice does not show any signs of muscular dystrophy (Fig. 6) . Centrally nucleated fibers were absent, fiber size was normal, and fibrosis was not apparent. In addition, CK levels were completely normalized in the rescued animals; in the Utrn Ϫ/Ϫ ϫ mdx mice, CK levels amounted to 2,705 Ϯ 635 units/liter, whereas levels in hDMD Tg/0 ϫ Utrn Ϫ/Ϫ ϫ mdx and hDMD Tg/Tg ϫ Utrn Ϫ/Ϫ ϫ mdx were 142 Ϯ 66 and 198 Ϯ 130 units/liter, respectively.
To assess if expression the hDMD transgene could not only reverse the apparent structural characteristics of dystrophic muscles but also restore wild-type gene expression patterns in dystrophic animals, we performed quantitative RT-PCR and expression profiling experiments. In a previous study, we identified a panel of genes for which the expression correlates with the severity of muscular dystrophies (31) . When tested, the expression of three characteristic dystrophy marker genes, involved in extracellular matrix remodeling (Bgn) and inflammatory response (CD68, Lgals3), does not differ significantly between hDMD Tg/0 ϫ Utrn Ϫ/Ϫ ϫ mdx, hDMD Tg/Tg ϫ Utrn Ϫ/Ϫ ϫ mdx and wild-type mice (Fig. 7) .
We also used microarrays to compare global muscular expression profiles of mice carrying the hDMD gene on an mdx or Utrn Ϫ/Ϫ ϫ mdx background. In Fig. 8 , we plotted the expression profiles of a selection of genes that are strongly up-regulated in dystrophic mdx mice and Utrn Ϫ/Ϫ ϫ mdx mice. Many of these genes (listed in supplemental Table 2A ), such as myosin light chain 4 (Myl4), insulin growth factor 2 (Igf2), myogenin (Myog), cardiac troponin T2 (Tnnt2), and H19, have also been shown to be up-regulated in other expression profiling studies in mdx mice (13, 32) and DMD patients (33) (34) (35) . From Fig. 8 , it is evident that expression levels for the listed genes up-regulated in dystrophic muscles from mdx and mdx ϫ Utrn Ϫ/Ϫ mice return to wild-type levels in animals deficient for murine dystrophin but carrying the human dystrophin gene. Expression levels of genes down-regulated in dystrophic animals (listed in supplemental Table 2B ), are also normalized by expression of the hDMD transgene. At a significance level of 1 ϫ 10 Ϫ4 , only five genes were found differentially expressed between control mice and the rescued mdx and mdx ϫ Utrn Ϫ/Ϫ mice (supplemental Table 2C ). None of these genes has been associated with muscular dystrophy before, and they were not located in the telomeric region on chromosome 5, where the hDMD gene is integrated. Also from additional expression profiling experiments in total blood (not shown), we found no evidence for disturbances in local gene expression levels of genes in this chromosomal region. Collectively, these results demonstrate that expression of the hDMD gene normalizes the expression profile of dystrophin-and dystrophin/utrophin-deficient muscles.
DISCUSSION
In the present paper, we show that fusion of YAC-containing yeast spheroplasts with murine embryonic stem cells is a suitable method for the transfer of megabase-sized functional human DNA segments to the mouse. To our knowledge, our mice with the full-length 2.3-Mb hDMD transgene carry a much larger noninterrupted and functional segment of human DNA integrated into a mouse chromosome than reported thus far. A mouse with an even larger stretch of DNA (i.e. ϳ42 Mb of Tg/0 ϫ mdx ϫ Utrn Ϫ/Ϫ mice was performed on Affymetrix U74 DNA chips. After data processing with the appropriate Rosetta Resolver error model, log 2 ratios of expression levels over those in wild-type animals were calculated. Only expression profiles of 56 genes up-regulated in mdx and mdx ϫ Utrn Ϫ/Ϫ mice but not in the nondystrophic animal models are shown. These were identified by searching for expression profiles most similar to myosin light chain-4 (Myl4; green), insulin growth factor 2 (Igf2; red), myogenin (Myog; pink), and troponin T2 (Tnnt2; blue), which were most significantly differentially expressed between dystrophic and nondystrophic animal profiles according to analysis of variance. The corresponding list of genes is provided in supplemental Table 2A .
the human chromosome 21) has been described (36) . This segment of DNA is, however, maintained as a separate "transchromosome," which has a maternal germ line transmission of only 40% and no paternal transmission. In contrast, our hDMD gene demonstrates stable germ line transmission.
The correct expression of full-length hDMD transcripts and the 427-kDa human dystrophin protein were confirmed by RT-PCR, expression profiling, histological stainings, and Western blotting. As an ultimate proof for its functionality, the expression of the hDMD transgene, at levels close to the levels of the endogenous mouse dystrophin in wild-type mice, fully rescued the dystrophic phenotype of mdx and mdx ϫ Utrn Ϫ/Ϫ mice. This was not only apparent at the histopathological level but also from quantitative RT-PCR-and microarray-based profiling of the expression of a highly sensitive, muscular dystrophyrelated biomarker gene set (31) .
Our results compare nicely with the observed rescue of the mdx phenotype by administration of viral and nonviral vectors containing hDMD cDNA constructs (37) (38) (39) (40) . Apparently, the human dystrophin protein, which has 91% amino acid identity with mouse dystrophin, is able to functionally replace its murine counterpart. This indicates a strong evolutionary conservation of the protein structure and function. In the hDMD mouse, we now demonstrate for the first time that also regulatory elements for transcription, splicing and translation of the dystrophin are well conserved between humans and mice. The tissue-specific orchestration of the expression of dystrophin transcripts seems to be well preserved for the hDMD transgene in the murine context. We observed, however, some quantitative differences between the expression from the transgene and the endogenous Dmd gene. The human Dp427p and Dp427m promoters seem to be more active than their endogenous counterparts, whereas the reverse is true for Dp427c and Dp260. This may be intrinsic to the human promoter sequences, which are possibly not fine tuned toward the murine transcription machinery. Alternatively, it could be attributable to the different genomic contexts and associated chromatin structures in which the murine and the human DMD genes are embedded. The hDMD mouse model could generate important new insights in the mechanisms governing the tissue-and contextspecific activity of the different promoters in the DMD gene.
In our laboratory, we now intercross hDMD Tg/0 ϫ mdx ϫ Utrn Ϫ/Ϫ mice. In our experience, this is an efficient way to obtain a constant supply of mdx ϫ Utrn Ϫ/Ϫ mice, an extremely valuable animal model for DMD research, and healthy control littermates.
The hDMD mouse is of great value for the optimization and evaluation of human sequence-specific therapeutics for DMD. AON-induced exon skipping, with the aim of reading frame restoration, is a highly promising approach to convert the DMD phenotype into the milder Becker phenotype. So far, most in vivo experiments with exon-skipping AONs were done in the mdx mouse, where exon 23 was targeted (18 -22) . In the hDMD mouse, it is possible to evaluate the exon skipping efficiencies of human AONs with the exact same sequence as will be therapeutic for DMD patients (24) . Also for DMD therapies that aim at gene correction (41) , in vivo testing of repair efficiencies with the exact sequences that will be therapeutic for the mutations seen in DMD patients will be pivotal. Another important question to consider in exon skipping therapy lies in the functionality of the resulting internally deleted DMD transcripts. For some of them, Becker patients carrying the same deletion have been described, but data regarding their clinical features and how these develop during life are largely lacking. For other deletions, no Becker patients have been described. In these cases, it would be helpful to study functionality in vivo, since good in vitro models for dystrophin function are not available. These models might be generated by application of the same exon skip technology in the hDMD ϫ mdx mouse, but the analysis will be hampered by the presence of the remaining full-length hDMD transcripts. A superior alternative would be to introduce point mutations or deletions in the YAC or in the targeted ES cells containing the hDMD gene. With the described technology, it will be possible to generate transgenic animals carrying any predefined mutation in the DMD gene. Similarly, in-frame Becker-like mutations can be evaluated for their functionality on an mdx or mdx ϫ Utrn Ϫ/Ϫ background. In addition, out-offrame deletions identical to those found in DMD patients can be generated. Crossing of mice with these mutations with mdx or mdx ϫ Utrn Ϫ/Ϫ mice will enable study of the therapeutic effectiveness of human exon-skipping AONs in the most realistic fashion.
The transgenic hDMD mouse model can also be used for more basic genetic studies. The presence of deletion hot spots in the hDMD gene is well established (1, 42) . The reason for this is presently unclear but may lie in the chromosomal context (e.g. regions being more susceptible toward or less protected against breaks and recombination events). Since breakpoint locations do not seem to share sequence characteristics (43) , it is assumed that structural characteristics, such as local chromatin structure, influence the frequency of genomic rearrangements in the different regions of the dystrophin gene. The hDMD mouse model, having two full-length dystrophin genes in different genomic contexts, would be ideal to test whether the frequency of (radiation-induced) mutations in germ line cells is affected by the chromosomal context. This type of study may also be done in cultures of ES and somatic cells from hDMD mice and may be aided by the introduction of selection and/or reporter genes in the different mutation hot spot regions.
In conclusion, the hDMD mouse is a unique model due to the exceptionally large part of foreign DNA inserted in the mouse genome and its potential application in functional, genetic, and gene therapeutic studies for DMD.
